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AN EXPERIMENTAL INVESTIGATION OF VORTEX GENERATION IN A TURBULENT BOUNDARY LAYER
*
UNDERGOING ADVERSE PRESSURE GRADIENT

by

t tt

Victor Zakkay' and Wladimiro Calarese

SUMMARY AND INTRODUCTION

Previous boundary layer measurements along a concave wall have revealed
a spanwise variation in velocity. The variation has been attributed to a
system of vortices with axis in the streamwise directionl. These initial ob-
servations were made in a low speed turbulent boundary layer. At compressible
speeds, evidence of these vortices has been observed in quasi two-dimensional
flows in regions of separated flow reattachmentz’s. However, well documented
work along gradual adverse pressure gradient bodies did not reveal such vari-
tionsé’

Recent analysis of flows with adverse pressure gradient6 indicates that
some of the discrepancy between the analysis and some of the experimental work5’7

is in part due to possible three-dimensional effects (such as the formation

of Gorther vortices due to a concave curvature).

* The work reported herein was supported by the National Aeronautics & Space
Administration under Grant NGR-33-016-184

¥ Professor of Aeronautics and Astronautics, New York University

++ Assistant Research Scientist, New York University



The present investigation was undertaken in order to determine the exist-
ence of such vortices utilizing the same apparatus used in Ref, 7. The free
stream Mach number was Mo = 5.75, the wall to stagnation temperature ratio was
Tw/Ttm= 0.63 and the Reynolds number based on free stream conditions was
R, = 3.9 x 107/ft. The -model consisted of an axisymmetric compression flare
preceded by a cylindrical axially symmetric body. A natural turbulent
boundary layer was established well ahead of the compression region. Boundary
layer profiles of static pressure, pitot pressure, and stagnation temperature
were taken at a surface station with a local inclination of 20°. Profile
measurements were obtained at various peripheral gtations. The measurements
revealed zero peripheral variations at the surface of the body and at the edge
of the boundary layer. However, distinct wavy pressure variations were ob-

served within the boundary layer profiles.



LIST OF SYMBOLS

M Mach number

P Pressure

Re Reynolds number

S1 Streamwise distance from the leading edge of the model to
beginning of flare

s' Streamwise distance measured from beginning of flare

S S1 + s

T Temperature

u Velocity in streamwise direction

X Axial direction

vy Direction normal to the body surface

5 Boundary layer thickness

n Local surface inclination with respect to body axis

%) Peripheral angle

Subscripts

e Conditions external to the boundary layer
s Static conditions

T Stagnation conditions

2 Behind normal shock

® Free stream conditions



I. EXPERIMENTAL APPARATUS

The tests were performed in the New York University Mach 6 high Reynolds
number facility. The facility consists of a 2200 psia air supply; a capacity
heater capable of delivering 900°R air with a mass flux of up to 60 lbs/sec,
and capable of supplying nominally constant stagnation temperature flows for
up to 40 sec. of running time. The test section is 1 ft. in diameter and
consists of a uniform flow 9 in. in diameter and 3 ft. in length (Fig. 1).

The free stream Mach number was approximately 5.75. For all tests, the
stagnation temperature was about 860°R, and the stagnation pressures varied
between 1860 and 1900 psia. The Reynolds number was of the order of 3.9 x 107/ft.
The model consisted of an axisymmetric compression surface, described by a

fourth order polynomial, blended into a 42° conical surface 6 in. in length,

with a base diameter of 7.96 in. The compression model is attached to a fore-
body consisting of an open sharp edge right-circular cylinder 29.2 in. long

and 4.62 in. in diameter (Figs. 2-3). The coordinates of the flare are given

in Table 1, The model is placed coaxially within the tunnel centerline (Fig. &).
The tests were performed at a surface station with 20° local inclination, n = 200,

and repeated every 5° in the peripheral direction fromeg = 0° to o = 40°.

The
compression flare was equipped with 30 pressure orifices. To obtain measurements
of static and pitot pressures, and stagnation temperatures throughout the bound-
ary layer, single probes were used (Fig. 5). Special care was taken in placing
the probes at exactly m = 200, when going from one peripheral station to the

next, and with the right inclination in order to traverse the boundary layer

normal to the body. The static pressure probes used for the present ex-



periment had a flat tip faired into a 0.040 in. hypodermic needle. Lateral

orifices located 10 to 15 probe diameters downstream were drilled in order to
decrease their sensitivity to yaw angles. The pitot pressure probes consisted
of a hypodermic needle of 0.04 in. diameter flattened at the tip with a thick-
ness of 0,006 in. and an opening of 0.002 in. An unshielded, open-tip chromel-
alumel thermocouple was used to measure the stagnation temperature throughout

the boundary layer.



IT. DISCUSSION OF MEASUREMENTS

The pressure and total temperature measurements are presented in Tables
2-11 in tabulated form. For all tests a turbulent boundary layer was obtained
and no separation was observed on the compression flare. All the measurements
were taken at one location, i.e. m = 200, and were repeated in the peripheral
direction, from 1y = 0° to p = 40°. The static and pitot pressure profiles are
shown in(Fig. 6-14). The wall pressure is that obtained from the pressure
taps located on the surface of the compression flare. The static pressure
decreases in the y direction due to the normal pressure gradient; the pitot
pressure experiences severe losses in the low density region of the boundary
layer near the wall. 1In this region, at y = 0.02 in., the pitot pressure has
a higher value than expected. This is due to probe interference, as reported
by Hoydysh and Zakkay7. The normal shock ahead of the probe interacts with
the boundary layer causing local separation.

Both static and pitot pressure are plotted as functions of the peripheral
angle p in (Figs. 15-16). At the wall the values are constant but, traversing
away from the wall, they have a wavy pattern in the peripheral direction with
an amplitide of about four times the boundary layer thickness. This behavior
is present up to the edge of the boundary layer, approximately 0.20 in. in
thickness and vanishes outside the boundary layer. At 0.35 in. away from the
wall in the normal direction, the pressure goes back to constant values in
the peripheral direction.

The total temperature profiles are shown in (Fig. 17). The total tem-
perature recovers very quickly in the normal direction and attains 95% of its

free stream value in less than 0.03 in.; its peripheral distribution is



almost constant at any distance from the wall (Fig. 18),

The Mach number and velocity profiles are plotted respectively in (Fig. 19
and Fig. 20), The velocity profiles are the typical turbulent profiles
.bent in the central region of the boundary layer because of the presence of an
adverse pressure gradient; the peripheral distribution shows a slight perturba-
tion which vanishes at the edge of the boundary (Fig. 21). The Mach ﬁumber
distribution shows the same peripheral perturbation as the pressure distribu-

tion up to the edge of the boundary layer.



CONCLUSIONS

An experimental investigation has been undertaken to ascertain the
possible presence of vortices in a hypersonic turbulent boundary layer over
an axisymmetric configuration in presence of adverse pressure gradient. Ex-
perimental data obtained at one longitudinal station in the peripheral direc-
tion has been tabulated and plotted.

The data shows large pressure differential in the boundary layer away
from the wall that implies the incipient formation of a swirling flow. This
peripheral variation vanishes outside the boundary layer where the
axisymmetric flow properties are restored. Nothing can be said as to the
starting region of the swirling flow and the further developments beyond the
location where the measurements were taken since no measurements were per-
formed in that region.

It is felt that additional measurements are necessary to establish the
behavior of the flow over the compression flare and to determine the initial
generation of the vortices,

Since this work has been probing in nature, it would be of significant
interest in establishing the region where the vortices are generated, and
their development along the compression surface., Other techniques for probing
the fluctuation intensity such as with a laser dopplemeter, or other measuring
techniques may be necessary in order to establish the wave pattern of the

vortices,
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x (in.) R (in.) N (deg.) $ (in,)
0.0 2,310 0.0 0.0

0.4 2,319 2.0 0, 400
0.8 2.339 3.5 0. 800
1.2 2,367 4.9 1,201
1.6 2,410 6.5 1,603
2.0 2.465 8.5 2.006
2.4 2,527 10.0 2,411
2.8 2,600 11.0 2,818
3.2 2,686 12.0 3.228
3.6 2,782 14,2 3. 642
4,0 2.890 16.7 4,061
4.4 3.021 21.4 4,486
4,8 3,195 25,0 4,919
5.2 3.39% 28,2 5.365
5.6 3.634 34.6 5.834
6.0 3.930 42,0 6.355

Table 1, Body Coordinates of Flare,



TAP NO.[  x(in.) 7) (Des. $@es. | pg (psia)
| 0.4 2° 0° 1.45 ﬂ
2 0.78 3.45° 5° 1.6
3 1.18 4.8 10° 1.93
nd 1.63 6.55 15° 2.5
5 2.00 8.5 20° 2.7
- 6 2.40 10.0 25° 3.15
7 2.87 11.25 30° 3.8
8 3.30 13.0 35° 5.55
9 3.75 15° 40 8.9
10 4.25 19.25 50 12.7
| 4.50 22.5 60 15.1
12 4.60 23.5 70 16.95
13 5.00 26.5 80 22.9
14 4.35 20° 0° 14.6
15 4,35 20° 5° 146
16 4.35 20° 10° 15.0
17 435 00° 15° 15.0
18 4.35 20° 20° _14.5
19 4.35 20° 25° 14.5
20 4.35 20° 30° 4.7
2l 4.35 20° 35° 14.7
22 ) 4.35 20° 40° 14.7

Table.2. Surface PBressure Distribution .
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Tabulated Data fqr Pressure and Temperature,

0
1785
1780
1775

+1770
1767
1764

1760
1755

1750
1745

1740

$=0"  py = wo0pia  (FOR STATIC PRESSURE)
M= 20" | Py m 1900 psia  (FOR PITOT PRESSURE); Troom sec’
y Pg p'rz Ty Too y Ps Pr, Ty
L L S ——

0 w7 | 8 535 1865 24 | 6.4 165 806
Ol | .6 80 741 1862 .25 | 3-8 158 805
02 ] 1.3 82 763 _1858 .26 | 5.3 146 803
03 | 1.1 |120 780 1855 27 | 47 135 800
04| 138 {138 785 1850 .28 | 4.1 127 797
05 | 13.5 130 787 1848 .29 3.7 114 794
06| 13.2 |130 788 1845 30 3.3 108 701
O7 | 12,9 {132 790 1842 ] 2.8 80 788
08| 12.6 |4 791 1839 32 | 22 64 -
.09 12.3 145 794 1835 33 1.9 59 783
JO | 12.0 150 795 1832 .34 1.7 59 782
Al 11.7 | 152 798 1830 .35 1.5 780.5
A2 11.4 | 158 800 1827 36 | 145 779
A3 11.2 162 803 1824 37 1.35 777
14 10.9 | 168 805 1820 28

A5 10.6 | 174 807 1817 39 _

16 10.3 | 180 809 1816 40 )

A7 10.0 {184 811 1810 41

18 9.6 | 186 813 1805 42

19 9.1 |186 814 1800 43

.20 8.6 183 814 1797 44

21 8.1 1180 813 1795 45

22 7.4 175 810 1795 46

23 6,9 1170 808 1790 47
Table 3,



$=5

P

a0
1754

1750
1748 -
1745
1742
1740
1735
1730
1725

1720

P 1890 psia STATIC PRESSURE)
M= 20° § Pp,® 1850 psia PITOT PRESSURE); Troe=s860%®
y Pg Ty y P T
p—————t AR = —
o) 14.8 __535 .24 6.3 818
Ol | 1.6 743 .25 | 5.7 817
02 | 14.4 764 .26 | 5.25 817
03 | 1.0 779 .27 4.8 816
.04 | 13.8 785 .28 4.2 815
05 | 13,4 787 .29 3.8 814
06| 137 789 30 | 3.3 811
07 | 12,70 791 -] 2.9 807
08| 12.4 793 32 | 2.4 803
091 15 796 33 1.9 800
JO | 11.8 799 34 | 1.7 798
V.“ 11.5 802 .35 1.5 797
Jd2 | 112 805 36 | 1.45 795
A3 | 100 809 37 | 135 795
A4 | 10.6 812 38
A5 | 10.2 815 .39
16 9.8 818 40
A7 | 94 820 4|
A8 | 9.05 822 42
19 | l's.7 822 43
.20 | 8.1 822 44
| .21 7.65 822 .45
22 7.3 820 .‘565
23 ] 6.7 | 820 47
Table 4, Tabulated Data fo; Pressure and Temperature,

15
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$=10°  pp = 180psia  (FOR STATIC PRESSURE)

N= 20" { Pq® 1570 psia  (FOR PITOT PRESSURE); Troomsss's
y Ps P, | v | P y Ps Pr, | v |F
0 14.8 92 535 . 1840 24 5.2 158 811 1763
Ol | 1.6 98 759 1838 25 |49 148 810 1760
02 | 14.4 130 762 1835 .26 | 4.6 142 810 1757
.03 | 1.0 129 773 1833 27 | .0 130 809 753
.04 | 138 130 785 1830 .28 | 3.7 120 807 1750
.08 | 13.4 130 792 1825 .29 |3.3 108 803 1747
06 ] 13.1 134 795 1820 30 | 3.0 86 798 1745
07 | 12.70 140 797 1815 ] 2.5 65 795 1740
08 | 12.40 144 800 1811 22 | 2.2 60 792 1735
09 | 12.00 148 803 1809 33 |17 59 790 1730
JO | 11.60 152 204 1807 34 | 1.5 787
81! 11.10 157 805 1805 35 | 1.45 786
d2 | 10.70 160 807 1800 36 | 1.35 785
A3 | 10.40 168 810 1797 S37 | 1.25 |74
A4 | 10.00 172 813 1793 38
A5 9.5 180 815 1790 .39
16 9.2 183 818 1785 40
A7 8.7 186 819 1783 4
A8 8.3 186 821 1780 42
A9 7.8 185 821 1778 43
20 | 7.30 181 821 1775 44
21 6.8 175 819 1770 .45
22 | 6.3 171 817 1768 46
23 | 5.7 165 813 1765 A7

Table 5. Tabulated Data for Pressure and Temperature, '



= 1860 psia

(FOR STATIC PRESSURE)

M= 20°; P w 190 iz (FOR PITOT PRESSURE); Troomsesr
Y Pg l'-'-,-z Ty me y Py P, Te me
0] ws | 95 535 1865 24 | 6.0 163 810 1785
.0l 14.6 | 100 760__ | 1862 .25 |5.55 152 gio__ | 1780
02| 1.4 138 759 1858 .26 | 4.95 145 810 1775
.03 | _14.2 138 768 1855 | .27 4.4 133 809 1770
04| .0 | 135 782 1850 .28 | 3.7 123 808 | 1767
05 [ 13.6 140 787 1848 .29 |3.2 101 806 1764
.06 | 13.3 145 792 1845 30 [2.8 80 803 1760
O7 | 129 150 795 | 1842 31 {24 66 798 1755
08| 12,6 | 153 797 1839 232 |21 60 795 | 1750
09| 12,1 | 160 798 1835 33 | 1.6 60 793 | 17%
40 11.8 170 800 1832 34 |15 790 1740
i 11.6 176 801 1830 | .35 | 1.4 787
A2 11.1 178 803 1827 | .36 | 1.35 787
A3 10.8 180 805 1824 37 | 1.25 785
A4 10.6 186 807 1820 38
A5 10.2 190 810 1817 .39
16 9.75 | 190 813 1816 40
A7 9.2 193 816 1810 41
18 8.8 193 816 1805 a2
19 8.4 189 816 1800 43
.20 8.0 | 185 815 1797 44
2l 7.5 180 813 1795 .45
22 7.0 174 812 1795 46
23 6.5 170 812 1790 A7

Table 6, Tabulated, Data for Pressure and Temperature,

15



$=2"  pr = ww0pie  (FOR STATIC PRESSURE)
7= 2% Pqye 190 psia (FOR PITOT PRESSURE); Troes s60%

Y | P | Py, | Ty | B Y | Pg | Pr, | Tr [P
e | ——m—— o

(0] 14.7 80 535 1865 24 7.4 160 800 1785

0l 14.6 90 753 1862 .25 6.8 152 200 1780

02 | 14.3 145 752 1858 .26 6.1 140 800 1775

03 | 1.1 140 753 1855 .27 5.5 128 798 1770

04| 138 140 766 1850 .28 | s.0 110 vos 1767

05| 135 140 775 1848 .29 4.2 83 793 1764

06| 13.2 140 780 1845 30 3.5 68 792 1760

O7 1| 129 143 782 1842 3l 3.0 61 789 [1755

08| 12.6 150 783 1839 22 2.5 60 785 1750

091 13 155 785 1835 33 | 2.1 783 [L745

JO 12.1 164 786 1832 34 1.8 781  [1740

i 11.8 166 788 1830 .35 1.6 778

A2 11.7 174 793 1827 J6 | 1.5 778

A3 11.6 178 796 1824 37 1.35 777

A4 11.3 180 _798 1820 58

U5 10,9 186 800 1817 .39

16 10.6 192 803 1816 40

A7 10.3 192 804 1810 41

A8 9.9 191 805 1805 42

19 9.6 189 805 1800 43

.20 9.9 185 804 1797 44

21 8.8 180 804 1795 45

22 8.3 173 804 1795 46

23 7.8 167 801 1790 A7 _

Table 7. Tabulated Data for Pressure and Temperature,



PTQ
p‘%o'

= 1890 psia

1860 psia

(FOR STATIC PRESSURE)

(FOR PITOT PRESSURE); Troom 858

y P, Ty
0 154 785
.0l 14.6 90 760 1832 .25 | 4,7 145 784
.02 1.2 | 145 757 1830 26 | 4.2 134 782
03 | 3.8 [140 760 1828, 27 | 3.8 121 781
04| 154 w0 770 | 1826 .28 | 3.5 97 780
.05 13.1 | 140 774 1820 .29 | 3.2 80 779
06| 12.7 | 140 782 1815 30 | 2.8 es 778
O7 | 12,4 | 445 785 1810 3l |2 60 777
08| 12.0 |15 785 1806 32 | 2.2 59 776
09| 11.6 |36 785 1804 33 [ 1.9 774
0 11.5 | 162 787 1802 34 | 15 772
i 10,75 | 165 789 1800 35 | 1.6 770
A2 10.4 | 174 791 1795 36 | 1.5 769
A3 9.8 | 177 796 1792 37 1.35
14 9.5 {180 800 1788 38
15 9.1 | 18s% 801 1784 .39
16 8.7 | 190 803 1780 40
A7 8.2 | 190 803 1778 41
A8 7.8 | 190 800 1776 42
A9 7.25 | 185 797 1773 43
.20 6.95 | 182 293 1770 44
21 6, 177 791 1765 .45
.22 6.0 | 170 788 1763 46
23 5.6 | 162 787 1760 A7

Table 8, Tabulated Data for Pressure and Temperature,

1758
1755

1752
1748
1745
1742
1740
1735
1730

17



Py = 1900 psia (FOR STATIC PRESSURE)

[~

Ne 200 3 pToo- 1880 psia (FOR PITOT PRESSURE), Troom 860°R

y P | P, |Tv [P y Ps Py | Tv |1
o 14.8 | 80 535 1840 24 | 4.7 155 793 1763
.0l 14.7 90 770 1838 .25 | 4.25 145 793 1760
.02 14.6 100 | 768 1835 .26 | 3, 132 793 1757
03 | 144 | 1o 778 1833 27 | 3.4 120 793 1753
041 o 140 781 1830 .28 | 3.15 100 793 1750
.05 13.5 145 785 1825 29 | 2.8 75 793 1747
06| 13.6 145 790 1820 S0 | 2.5 70 792 1745
O7 | 12.8 148 792, 1815 ] 2.3 61 790 1740
081 124 | 45 794 1811 32 | 2.0 59 790  |1735
09| 12,0 158 795 1809 33 | 1.8 788 1730
0 11.6 165 797 1807 34 | 1.6 287

i 11.0 170 800 1805 .35 1.4 786

d2 10.7 175 801 1800 236 | 1.35 785

A3 10.2 182 802 1797 37 | 135

A4 9.7 187 802 1793 58

15 9.2 190 801 1790 .39

16 8.75 193 200 1785 40

A7 .25 | 193 799 1783 41 |

A8 7.7 193 798 1780 42

A9 7.1 188 797 1778 43

.20 6.7 182 797 1775 44

21 6.1 178 795 1770 .45

.22 5.7 170 795 | 1768 | 46 e

.23 5.i5 | 162 793 1765 | 47 )

Table 9. Tabulated Data for Pressure and Temperature.,



¢ =35° Py, = 1900 psia (FOR STATIC PRESSURE)

M= 20°5 Ppge® 1870 (FOR PITOT PRESSURE); Troen s60%
y Ps P, L, P- y Pg P, Tr Fr_
O | 1.8 | 90 | s535. | 1840 24 | 4.5 141 800 1763
Ol 14.6 100 768 1838 25 | 4.0 130 800 1760
021 w.a 142 770 1835 26 | 37 114 800 1757
03 | 1.0 142 773 1833 .27 | 3.4 91 799 .1753
04| 135 147 785 1830 .28 | 3.0 66 798 1750
05| 13,2 149 790 1825 29 | 2.7 62 797 1747
06| 12.8 152 792 1820 30 | 2.4 60 795- 1745
O7 | 12,4 155 795 1815 3| o 59 792 1740
.08 12.0 163 795 1811 32 | 1.8 789 1735
09| 1o 170 795 1809 33 | 1.6 786 1730
JO | 1.7 172 795 1807 34 | 1.5 784
Al 11.2 178 295 1805 .35 1.3 781
12 10,9 183 795 800 36 | 1.25 780
A3 10.4 186 795 1797 7 1.25 779
4 9.75 191 797 1793 .38
.15 9.3 19 798 1790 .39
16 8.75 191 | 800 1785 40
A7 | 8.25 189 803 1783 | 4l
| 8 | 7.60 183 gos | 1780 42
A9 | 7.0 | 178 | so3 | 1778 | .43
20| 6.3 | 172 803 1775 44
21 5.9 166 803 1770 45
”7.,22 5.3 158 803 1768 46
23] 40 ] 150 803 1765 | 47

Table 10, Tabulated Data for Pressure and Temperature.

19



20

$=40"  ppw 100psia  (FOR STATIC PRESSURE)
M= 20" § Pq,® 1350 psia  (FOR PITOT PRESSURE); Troomsso®
y Ps Pr, | v | Po y Ps Pr, | T |P:
el | Teo
ﬁo 14.8 80 535 1830 24 5.0 135 776 1754
Ol 14.6 95 752 1828 .25 | &.5 125 773 |1750
02| 1.4 130 764 1826 .26 41 110 771 1748
03 | 1.0 140 764 1824 .27 3.7 80 770 (1745
04| 13.7 135 764 1820 .28 | 3.3 6l 770 |1742
05| 13.5 138 762 1815 .29 3.0 61 770 [1740
06| 13.2 140 262 1810 30 2.7 58 769 {1735
O7 | 128 145 768 1805 K] 2.4 768 |1730
08| 12.4 150 777 1802 22 2.1 767 1725
09 12.0 155 795 1800 .33 1.8 767 |1720
JO 11.5 160 795 1798 34 1.7 766
Al 11.0 168 795 1796 .35 1.5 766
A2 10.5 173 795 1792 26 1.45 766
A3 10.2 180 793 1789 37 1.4 765
A4 9.8 187 792 1785 28
A5 9.3 192 790 1780 39
.16 8.9 190 787 1775 40
A7 8.5 187 785 1774 41
A8 7.95 182 784 1772 42
19 7.3 178 784 1770 43
.20 6.9 174 781 1766 .44
21 6.4 169 780 1762 45
22| 5.9 160 778 1760 46
.23 5.5 148 777 1757 X4
Table 11, Tabulated Data for Pressure and Temperature,
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